Nm23 genes, which encode nucleoside diphosphate kinases, have been implicated in suppressing tumor metastasis. The motility of human breast carcinoma cells can be suppressed by transfection with wild-type nm23-H1, but not by transfections with two nm23-H1 mutants, nm23-H1 S12OG and nm23-H1 P96S . Here we report that nm23-H1 can transfer a phosphate from its catalytic histidine to aspartate or glutamate residues on 43-kDa membrane proteins. One of the 43-kDa membrane proteins was not phosphorylated by either nm23-H1 P96S or nm23-H1 S120G , and another was phosphorylated much more slowly by nm23-H1 P96S and by nm23-H1 S120G than by wild-type nm23-H1. Nm23-H1 also can transfer phosphate from its catalytic histidine to histidines on ATPcitrate lyase and succinic thiokinase. The rates of phosphorylation of ATP-citrate lyase by nm23-H1 S120G and nm23-H1 P96S were similar to that by wild-type nm23-H1. The rate of phosphorylation of succinic thiokinase by nm23-H1 S120 was similar to that by wild-type nm23-H1, and the rate of phosphorylation of succinic thiokinase by nm23-H1 P96S was about half that by wild-type nm23-H1. Thus, the transfer of phosphate from nm23-H1 to aspartates or glutamates on other proteins appears to correlate better with the suppression of motility than does the transfer to histidines.
Nm23 genes have been implicated in the control of tumor metastasis (1) . For many, but not all, types of tumors, there is an inverse relationship between the level of nm23 expression and metastatic potential (reviewed in ref. 2) . Overexpression of nm23 in highly metastatic murine melanoma cell lines (3) (4) (5) (6) , rat mammary adenocarcinoma cells (7) , and human breast carcinoma cells (4, 8, 9) reduces their metastatic potentials, indicating that nm23 genes can suppress tumor metastasis. Increased levels of nm23 expression also have been associated with both cellular proliferation (10) and differentiation (11) . In human tissues the two major forms of nm23 are nm23-H1 and nm23-H2. Expression of nm23-H1 has been correlated with suppression of metastasis (2) .
The abnormal wing disc (awd) gene of Drosophila encodes a protein that is 78% identical to the human nm23 proteins (12) . The awd gene is essential for normal Drosophila development (13) . The killer of prune mutation in this gene (awd kpn ) causes a dominant lethality but only in flies that do not have a functional prune gene. The prune gene has been cloned, but the biochemical function of the resulting protein is not known (14, 15) .
Nm23 and awd genes encode nucleoside diphosphate kinases (NDPKs) (12) . NDPKs catalyze the phosphorylation of nucleoside 5Ј-diphosphates to triphosphates (16) . In the first step, a phosphate is transferred from a nucleoside 5Ј-triphosphate to a histidine at the catalytic site of the enzyme. This high-energy phosphate then is transferred to a phosphate group on a nucleoside 5Ј-diphosphate.
The synthesis of nucleoside triphosphates does not appear to explain the role of nm23 in suppressing metastasis (2) . Similarly, the effect of the awd kpn mutation on Drosophila development does not appear to result from a change in nucleoside diphosphate kinase activity (17) . However, the kinase activities of nm23͞NDPK do appear to be necessary for their regulating these processes (18, 19) . One possible explanation for this discrepancy is that in addition to phosphorylating nucleoside diphosphates NDPK can phosphorylate other substrates. Rat liver NDPK can phosphorylate the histidine at the catalytic site of ATP-citrate lyase (20) , nm23-H1 can phosphorylate a histidine on succinic thiokinase (21) , and NDPKs transfer a phosphate to serines or threonines on several proteins in a heat-inactivated cell extract in the presence of 1 M urea (22) .
Transfection with wild-type nm23-H1 suppresses the motility of human breast carcinoma cells (23) , but transfections with nm23-H1 P96S and by nm23-H1 S120G do not suppress the motility of these cells. The serine 120 to glycine mutation of nm23-H1 S120G was found in 6 of 28 aggressive childhood neuroblastomas (24) . The nm23-H1 P96S contains a proline to serine substitution at residue 96 and is homologous to the Drosophila awd kpn mutation (12, 23) .
Here we report that the rates of phosphorylation of ATPcitrate lyase by nm23-H1 S120G and nm23-H1 P96S were similar to that by wild-type nm23-H1. We also describe the phosphorylation of a 43-kDa protein or proteins from bovine brain membranes by rat liver NDPK and nm23-H1. This phosphorylation occurred on either an aspartate or glutamate residue. The phosphorylation of aspartate or glutamate residues by NDPK is analogous to phosphorylation reactions carried out by prokaryotic histidine kinases (25) . The 43-kDa protein(s) either were not phosphorylated or phosphorylated much more slowly by nm23-H1 P96S and nm23-H1 S120G than by wild-type nm23-H1. mM isopropyl-1-thio ␤-D-galactopyranoside. After 2 hr, the cells were pelleted and washed twice with 20 mM Tris and 1 mM EDTA, pH 8.4 at 4°C. Cells (5 g) were sonicated at 4°C in 25 ml of 20 mM Tris, pH 8.4͞1 mM EDTA͞2 mM MgCl 2 ͞1 mM DTT͞0.2 mM phenylmethylsulfonyl fluoride (PMSF)͞1 g/ml leupeptin͞2 mM benzamidine͞0.1 mg/ml lysozyme. Cell debris was removed by centrifugation at 20,000 ϫ g for 20 min at 4°C. The resulting supernatant was fractionated with (NH 4 ) 2 SO 4 . The 40-75% (NH 4 ) 2 SO 4 pellet was dialyzed overnight at 4°C against buffer A (20 mM Tris, pH 7.5͞2 mM MgCl 2 ͞1 mM EDTA͞1 mM DTT͞0.2 mM PMSF͞2 mM benzamidine). The dialysate was made to 0.3 M NaCl, clarified, and loaded onto a Pharmacia S200 column (1.6 ϫ 80 cm) equilibrated in buffer A containing 0.3 M NaCl. Column fractions were assayed for NDPK activity (16) . Peak fractions were pooled, concentrated, and dialyzed overnight against 20 mM Tris, pH 8.0͞2 mM MgCl 2 ͞1 mM EDTA͞100 mM NaCl͞1 mM DTT͞2 mM benzamidine. The dialysate was clarified and applied to a Pharmacia Mono Q HR 5͞5 column equilibrated in this buffer. Nm23-H1 was eluted with a linear gradient of 0.1-0.4 M NaCl. Peak fractions containing nm23-H1 were pooled, diluted, and applied to a Mono Q HR 5͞5 column equilibrated in 20 mM Tris, pH 7.5͞2 mM MgCl 2 ͞1 mM EDTA͞100 mM NaCl͞1 mM DTT͞2 mM benzamidine. Nm23-H1 was eluted using linear gradient of 0.1-0.2 M NaCl. Nm23-H1 P96S and nm23-H1 S120G were purified using the same isolation procedure. Nm23-H1, nm23-H1 P96S , and nm23-H1 S120G were greater than 99% pure. P]nm23-H1 at room temperature in 100 mM NaCl͞5 mM MgCl 2 ͞1 mM DTT͞20 mM Tris, pH 7.5 (membrane fractions also contained 0.25-0.5% sodium cholate and either 1 mM EDTA or 0.5 mM EGTA). After 15 min or the time indicated, the phosphorylation was stopped by the addition of 0.5 volume of SDS sample buffer (5% SDS͞25% glycerol͞180 mM Tris, pH 8.8͞0.01% bromophenol blue͞50 mM DTT͞50 g/ml leupeptin͞4 mM PMSF). Unless stated otherwise, the samples were frozen on dry ice, thawed, and loaded without boiling onto a SDS͞polyacrylamide gel. After electrophoresis, the gels were dried without fixing. Phosphorylated proteins were detected by autoradiography.
Phosphorylation of Rat
Partial Purification of a Protein from Bovine Brain Membranes That Can Be Phosphorylated by NDPK. Membranes (100 g) from the gray matter of bovine brains (27) in 50 mM Tris, pH 7.5͞5 mM EDTA͞10% sucrose were extracted with 150 ml of 3% sodium cholate͞50 mM NaCl͞2 mM DTT͞0.4 mM PMSF͞10 g/ml leupeptin͞10 g/ml soybean trypsin inhibitor by stirring for 30 min at 4°C. The extract was clarified by centrifugation at 150,000 ϫ g for 90 min and loaded onto a DEAE Sephacel column (2.6 ϫ 40 cm) equilibrated in 1% sodium cholate͞25 mM NaCl͞1 mM EGTA͞1 mM DTT͞20 mM Tris, pH 7.5 at 4°C. The column was washed with 100 ml of equilibration buffer and then eluted with a 600-ml linear gradient of 25-425 mM NaCl. Fractions (10 ml) were collected, and 50-l aliquots incubated with 0.4 -0.8 M [ 32 P]NDPK and analyzed by SDS͞PAGE and autoradiography.
Fractions 16-24 (flow through) from the DEAE Sephacel column were pooled and loaded onto a 1.6 ϫ 30-cm Blue Sepharose column (Pharmacia) equilibrated in 1% sodium cholate͞25 mM NaCl͞2 mM EDTA͞1 mM DTT͞0.2 mM PMSF͞20 mM Tris, pH 7.5 at 4°C. The column was washed with 100 ml of equilibration buffer and then eluted with a 600-ml linear gradient of 0-400 mM NaCl. Fractions (10 ml) were collected, and 50-l aliquots incubated with 0.4-0.8 M [ 32 P]NDPK and analyzed by SDS͞PAGE and autoradiography. Fractions from this column enriched in a 43-kDa protein, which was phosphorylated when incubated with [ 32 P]NDPK, were pooled, concentrated by ultrafiltration using an Amicon PM10 membrane, and loaded onto an 1.6 ϫ 90-cm Sephacryl S200 column equilibrated in 0.5% sodium cholate͞100 mM NaCl͞2 mM EGTA͞2 mM MgCl 2 ͞1 mM DTT͞0.1 mM PMSF͞20 mM Tris, pH 7.5 at 4°C. Fractions (4 ml) were collected, and 50-l aliquots incubated with 0.4-0.8 M [ 32 P]NDPK and analyzed by SDS͞PAGE and autoradiography. Fractions from this column enriched in a 43-kDa protein, which was phosphorylated when incubated with [ 32 P]NDPK, were pooled and concentrated to 2.5 ml by ultrafiltration. This fraction is referred to as the Blue Sepharose fraction.
Fractions 31-42 from the DEAE Sephacel column were pooled, and proteins precipitating in 25-45% saturated (NH 4 ) 2 SO 4 dialyzed overnight against 0.5% sodium cholate͞ 100 mM NaCl͞2 mM EGTA͞2 mM MgCl 2 ͞1 mM DTT͞0.1 mM PMSF͞20 mM Tris, pH 7.5 at 4°C and fractionated on 1.6 ϫ 90-cm Sephacryl S200 column as described above.
Fractions from the S200 column enriched in a 43-kDa protein, which was phosphorylated when incubated with [ 32 P]NDPK, were pooled and concentrated to 2.5 ml by ultrafiltration. This sample is referred to as S200-B.
RESULTS

Phosphorylation of a Membrane 43-kDa Protein by NDPK.
Rat liver NDPK was phosphorylated on its active site histidine by incubation with [␥- 32 Washed bovine brain membranes were extracted with sodium cholate and fractionated on a DEAE Sephacel column. A large number of proteins in the fractions from this column were phosphorylated when incubated with [ 32 P]NDPK, but additional fractionation indicated that most of these phosphorylations resulted from the formation of [␥-32 P]ATP. On the basis of the phosphorylation pattern, fractions from this column were pooled and subjected to further fractionation.
Proteins that eluted from the DEAE column with equilibration buffer were fractionated on a Blue Sepharose column. (Fig. 2 A) . Several other proteins in the Blue Sepharose and S200-B fractions were phosphorylated when these fractions were incubated [␥-32 P]ATP, but they were not phosphorylated by [ 32 P]NDPK. The S200-B fraction contained some endogenous NDPK (data not shown), which may have contributed to the phosphorylation of the 43-kDa protein when this fraction was incubated with [␥-
32 P]ATP. The phosphates incorporated into the 43-kDa protein(s) in both the Blue Sepharose and S200-B fractions by incubation with [
32 P]NDPK were acid labile (Fig. 2B, lanes 3) , base labile Blue Sepharose and S200-B fractions were incubated for 15 min at room temperature with 1 M [ 32 P]NDPK. After these incubations, the samples were treated as follows: lanes 1, frozen immediately after adding SDS sample buffer; lanes 2, incubated for 10 min at 37°C in SDS sample buffer; lanes 3, incubated for 10 min at 37°C in SDS sample buffer containing 0.5 m HCl; lanes 4, incubated for 10 min at 37°C in SDS sample buffer containing 0.5 M NaOH; lanes 5, incubated in SDS sample buffer in boiling water for 2 min; lanes 6, incubated for 10 min at 37°C in 0.8 M hydroxylamine at pH 5.4; lanes 7, incubated for 10 min at 37°C in 0.8 M NaCl at pH 5.4; and lanes 8, incubated for 10 min at 37°C at pH 7.5. After these incubations, the samples were neutralized or SDS sample buffer added, and they were analyzed by SDS͞PAGE and autoradiography. (Fig. 2B, lanes 4) , lost upon boiling (Fig. 2B, lanes 5) , and removed by hydroxylamine (Fig. 2B, lanes 6 ). These stability measurements indicate that the phosphorylated residues were either aspartates or glutamates as acylphosphates are unstable at both high and low pH (28) (29) (30) . The phosphohistidine in NDPK was base stable (Fig. 2B, lane 4) . Simply incubating the phosphorylated 43-kDa protein(s) in SDS sample buffer for 10 min at 37°C resulted in a substantial loss of 32 P (Fig. 2B, lanes  2) . The phosphate incorporated into the 43-kDa protein in the S200-B fraction by incubation with [␥-32 P]ATP was acid labile, base labile, and lost upon boiling, indicating that it was either a phosphoaspartate or phosphoglutamate. Phosphoaspartate and phosphoglutamate can be reduced with NaBH 4 (29, 30) to give free phosphate and either ␦-hydroxy-␣-amino-valeric acid or homoserine. Phosphohistidines are not reduced by NaBH 4 . The phosphates incorporated in the 43-kDa protein(s) by incubation with [ 32 P]NDPK were lost upon treatment with NaBH 4 (Fig. 3) , but the phosphate incorporated into NDPK was not removed by NaBH 4 .
The phosphorylation of the 43-kDa protein(s) in both the Blue Sepharose and S200-B fractions by 0. Purity of the 43-kDa Proteins. Coomassie blue-stained gels of the Blue Sepharose and S200-B fractions showed that these fractions contained many different proteins (Fig. 4A) . The 43-kDa polypeptides phosphorylated by [ 32 P]NDPK (Fig. 4B ) aligned with one of the minor bands just above the major bands at 42 kDa seen in Coomassie blue-stained gels. The 43-kDa protein in the Blue Sepharose fraction moved slightly slower on SDS͞PAGE than did the 43-kDa protein in the S200-B fraction (Fig. 4B) . The 43-kDa protein(s) in both the Blue Sepharose and S200-B fractions may be oligomeric or bound to other proteins as they eluted from the S200 column with an apparent molecular mass greater than 120 kDa. At this time, it is not known whether the 43-kDa proteins in these two fractions are the same protein.
Based on 32 P incorporation and assuming stoichiometric phosphorylation, the Blue Sepharose and S200-B fractions were estimated to contain 40-100 nM 43-kDa proteins.
The (Fig. 5A) . The rate of phosphorylation of the 43-kDa protein in the S200-B fraction (Fig. 5B (Table 1) . Under similar conditions, the nucleoside diphosphate kinase activities of nm23-H1 P96S and nm23-H1 S120G were about 90% those of nm23-H1.
The time course of the phosphorylation of the 43-kDa protein in the Blue Sepharose fraction by 170 nM [
32 P]nm23-H1 is shown in Fig. 5C . At this concentration maximum phosphorylation occurred within 2 min. The dependence of phosphorylation of the 43-kDa protein in the Blue Sepharose fraction on [
32 P]nm23-H1 concentration is shown in Fig. 5D .
Phosphorylation of ATP-Citrate Lyase and Succinic Thiokinase by nm23-H1, nm23-H1
P96S , and nm23-H1 S120G . When ATP-citrate lyase is incubated with [ 32 P]NDPK, phosphate is transferred from the catalytic histidine on NDPK to the catalytic histidine on ATP-citrate lyase (20) . The rate of phosphorylation of ATP-citrate lyase by [ 32 P]nm23-H1 P96S and [ 32 P]nm23-H1 S120G were similar to that by wild-type [ 32 P]nm23-H1 (Table 1) .
It recently has been reported that nm23-H1 can phosphorylate succinic thiokinase on a histidine residue (21) . The rates After these incubations the samples were separated on SDS͞PAGE. The gel was stained with Coomassie blue in 10% acetic acid and 25% isopropanol for 1.5 hr, destained in 10% acetic acid for 2 hr, and dried. A is the Coomassie brilliant blue-stained gel, and B is the autoradiogram of this gel. 
DISCUSSION
Although a number of studies have demonstrated that expression of nm23 cDNAs in highly metastatic cells lines reduces their metastatic potentials, the mechanisms by which it accomplishes this is unknown (2) . The nucleoside diphosphate kinase activity of nm23 doesn't appear to account for its ability to inhibit metastasis (2) . A number of alternate activities for nm23 have been suggested. Several papers have reported that NDPK can function as a protein kinase or protein phosphotransferase (20) (21) (22) .
The present study provides additional data on the phosphorylation of ATP-citrate lyase by rat liver NDPK and recombinant nm23-H1 and confirms the phosphorylation of succinic thiokinase by nm23-H1. It also describes the transfer of a phosphate from a histidine on NDPK to aspartate or glutamate residues on bovine brain membrane proteins and compares the protein kinase activities of two mutant forms of nm23-H1 with those of wild-type nm23-H1.
The phosphorylations of ATP-citrate lyase and succinic thiokinase by NDPK appear to be useful model systems to characterize the protein kinase activity of NDPK. However, the biological significance of these phosphorylations is unclear. NDPK phosphorylates histidines at the catalytic sites of ATPcitrate lyase and succinic thiokinase (20) . These histidines are phosphorylated much more rapidly by ATP and GTP. NDPK and nm23-H1 had no obvious effects on the enzymatic activities of ATP-citrate lyase or succinic thiokinase (unpublished observations).
The phosphorylation of a bovine brain membrane 43-kDa protein or proteins by rat liver NDPK or nm23-H1 is analogous to phosphorylation reactions carried out by prokaryotic histidine kinases (25) . These histidine kinases autophosphorylate on a histidine residue and then transfer the phosphate to an acyl group, usually an aspartate, on the same or different proteins. These bacterial ''two-component signaling'' systems regulate many different activities, including chemotaxis, osomoregulation, sporulation, and gene regulation (25) . Twocomponent histidine kinases have been identified in Saccharomyces cerevisiae (31) (32) (33) and Arabidopsis thaliana (34) . Yeast SLN1 histidine kinase is involved in sensing changes in osmomolarity, and Arabidopsis ETR1 protein is involved in sensing changes in ethylene.
The 43-kDa protein in the Blue Sepharose fraction from extracts of bovine brain was phosphorylated by rat liver NDPK and nm23-H1. It did not autophosphorylate, and there was no phosphorylation when NDPK was not added. The 43-kDa protein in the S200-B fraction from extracts of bovine brain also was phosphorylated by rat liver NDPK and nm23-H1. However, there was a low level of phosphorylation of this protein in the absence of added NDPK. The S200-B fraction contained a low amount of NDPK, and the phosphorylation of the 43-kDa protein observed when only ATP was added may have resulted from its phosphorylation by endogenous NDPK.
Human MDA-MB-435 breast carcinoma cells have been transfected with wild-type and mutant forms of nm23-H1 (23) . Transfection with wild-type nm23-H1 suppresses the motility of these cells to either fetal calf serum or to autotaxin. Transfection with nm23-H1 P96S or nm23-H1 S12OG does not suppress the motility of these cells. The inability of these mutants to suppress motility has been compared with their reduced histidine kinase activities. Nm23-H1 P96S has normal autophosphorylation and nucleoside diphosphate kinase activities, but it has lower histidine kinase activities when succinic (1997) thiokinase and other nm23 proteins were used as substrates (21) . However, the rate of phosphorylation of ATP-citrate lyase by nm23-H1 P96S was about the same by wild-type nm23-H1 (Table 1) . Nm23-H1 S120G has only slightly less histidine activity than does wild-type nm23-H1 when either succinic thiokinase (21) or ATP-citrate lyase were used as substrates ( Table 1) . The phosphorylation of the 43-kDa protein(s) on an aspartate or glutamate residue by nm23-H1 S120G and nm23-H1 P96S was much slower than by wild-type nm23-H1. When the Blue Sepharose fraction was used, the 43-kDa protein was maximally phosphorylated by nm23-H1 in 1 min, but there was no detectable phosphorylation of the 43-kDa protein after 10-min incubation with either nm23-H1 P96S or nm23-H1 S120G . The rate of phosphorylation of the 43-kDa protein in the S200-B fraction by nm23-H1 was about five times faster than by nm23-H1 S120G and about 10 times faster than by nm23-H1 P96S . As the S200-B fraction contained a low level of endogenous NDPK, it is possible that the phosphorylation of the 43-kDa protein might result from the transfer of phosphate from the added [ 32 P]nm23 to the endogenous NDPK and then to the 43-kDa protein. Both nm23-H1 P96S or nm23-H1 S120G can phosphorylate other nm23 proteins (21) .
Whereas there is currently no direct link between the inability of m23-H1 P96S and nm23-H1 S120G to suppress motility in breast carcinoma cells and their low kinase activity toward the 43-kDa protein(s), these observations do suggest that this transfer of phosphate from the histidine on nm23 to aspartate or glutamate residues on other proteins may be biologically important. Two-component histidine kinases are involved in regulating a number of cell signaling processes in both prokaryotes and eukaryotes (25) . For example, the yeast SLN1 histidine kinase regulates the HOG1 MAP kinase cascade (32) . Several papers have suggested that nm23 has a role in signal transduction (3, 4, 35, 36) . The results presented here demonstrate that NDPK has a two-component histidine kinase-like activity. It seems possible that NDPK phosphorylates proteins that are part of two-component signaling systems. The suppression of metastasis by nm23 could result from its phosphorylating proteins that are part of a two-component signaling pathway that regulates metastasis.
